This study examined the sintering phenomena of two different tungsten heavy alloys, W-8Mo-7Ni-3Fe (mass%) and . Experimental results revealed that extending the isothermal hold caused increase in the concentration of Mo in the liquid phase. A high concentration of Mo in the liquid phase tended to trigger the precipitation of a MoNi-type intermetallic phase at the interface between the W-Mo grains (solid solution of W and Mo) and the matrix phase. The approximate chemical formulation of this intermetallic phase is (W 4 Mo 6 )(Ni 7 Fe 3 ). It was difficult to suppress the precipitation of this intermetallic phase by rapid cooling, because the phase transformation temperature of matrix phase into this intermetallic phase (1628 K) is very close to the solidification temperature of the liquid phase (1645 K).
Introduction
The various superior properties of tungsten heavy alloys make them widely used in various fields. [1] [2] [3] [4] In order to promote densification, tungsten heavy alloys processed via liquid phase sintering require a high solubility of W in the liquid phase. Accordingly, tungsten atoms easily precipitate on the surface of W grains, resulting in not only rapid grain growth, but also grain coalescence. This problem was encountered in different matrix phases 2, [5] [6] [7] [8] and could be overcome by several approaches. First, researchers attempted to use post-sintering swaging deformation combined with aging to improve the mechanical properties of tungsten heavy alloys, 9) but this method is usually unsatisfactory as products via powder metallurgy route generally are net-shaped components. Subsequently, some researchers focused on the addition of various elements to the W-Ni-Fe heavy alloys, [10] [11] [12] and thus obtained solid solution strengthening and refined microstructure. So far, the elements alloyed into the W-Ni-Fe heavy alloys were Mo, Ta, Re and Nb. Among them, Nb is effective in strengthening the alloy, but causes difficulties in machining and fabrication.
13) The alternative element is Mo due to high strengthening, especially at elevated temperatures. Furthermore, Mo forms an isomorphous solid solution with W, and has a higher solubility in the Ni-Fe based liquid phase than W. 14) Some researchers have observed several different types of compounds precipitating at the interfaces between the W grains and the matrix phase of furnace-cooled or isothermally aged W-Ni-Fe alloys. 1, [15] [16] [17] [18] These precipitated phases may reduce the impact toughness of the alloy and compromise its mechanical properties. It is believed that most of the intermetallic phases in W-Ni-Fe alloys could be eliminated through following solid-solution and quenching. 1, 2, 17, 18) Recently, it was reported that Mo addition to W-Ni-Fe heavy alloys could modify their mechanical properties. Bose 19) added Mo to W-Ni-Fe heavy alloys and obtained smaller W grains in the microstructure, and solid solution strengthening in the matrix phase. It is stated that the sum of the solubility by both W and Mo in the matrix phase of WMo-Ni-Fe heavy alloys essentially is constant. 2, 9, 20) Accordingly, alloying by Mo reduces the solubility of tungsten in the liquid phase during sintering, which retards the growth of W grains, promotes refinement, and exhibits better mechanical properties. Kemp 2) analyzed the microstructural evolution and the kinetic process of grain growth of W-Mo-Ni-Fe alloys, and noted that during furnace cooling a new intermetallic phase precipitated in the interfaces between the W-Mo grains and the matrix phase, and modified the mechanical properties. However, its exact composition and structure were not identified. It was also noted that the intermetallic phase could not be eliminated through conventional heat treatment.
The above-mentioned reports mentioned some phenomena in the liquid-phase-sintered W-Ni-Fe alloys. However, the detail of microstructural evolution of W-Mo-Ni-Fe heavy alloys during liquid phase sintering remains unclear, and the effect of the Mo addition has not been fully discussed. Furthermore, the precipitation mechanism of the intermetallic phase, and the relationship between the intermetallic phase and cooling rate has still not been clear yet. Therefore, this study aims to provide further analysis of the issues mentioned above.
A transmission electron microscopy (TEM) with an attached Energy Dispersive X-ray Spectrometer (EDS) was used to perform more accurate analysis, because the electron beam of TEM was only 10 nm in diameter and the effective excitation volume was approximately 10 À5 mm 3 . 21) As only few studies have used TEM with EDS to analyze the microstructures of the matrix phase in the sintered W-MoNi-Fe heavy alloys, TEM with EDS were used as the primary tools to examine the above-mentioned questions.
Experimental Procedures
Two different tungsten heavy alloys, W-8Mo-7Ni-3Fe (mass%) and W-22.4Mo-7.8Ni-3.4Fe (mass%), were examined in this study. Table 1 lists the characteristics of the elemental powders used here. These powders were mixed and blended in a plastic jar for 16 hours in the presence of heptane and paraffin wax (1.5 mass%), using 304 stainless steel balls. The powder slurry was then dried at 353 K and the granules were sieved through a screen of 70 mesh. Cylindrical specimens, 15 mm in diameter and 3 mm in height, were die-pressed with a pressure of 110 MPa. The specimens were then sintered in a tube furnace, with a heat treatment scheme for dewaxing, oxide reduction, decarburization, and densification. The heat treatment profile was heating at 3 K/min to 623 K, holding for 60 minutes, and heating at 3 K/min to 773 K, holding for 60 minutes. This was followed directly by heating at 10 K/min to 1273 K, holding for 60 minutes, and heating at 10 K/min to 1773 K, holding for 5, 120 or 240 minutes. In the heat treatment, an atmosphere of hydrogen was maintained until the last 10 minutes (or 5 minutes for an isothermal holding time of 5 minutes) of the isothermal holding, and after that the atmosphere was changed to argon. All the specimens were furnace-cooled. For comparison, one group of specimens were also heat-treated in the same condition, except that it was held at 1773 K for 240 minutes and quenched in water.
Phase transformation of the sintered alloys was analyzed using a differential thermal analyzer (LABSYS, TG-DTA/ DSC, SETARAM), using a heating rate of 10 K/min to 1773 K. Back-scattered electron images (BEI); secondary electron images (SEI) and corresponding mapping of W, Mo, Ni, Fe of the etched specimens were examined by electron probe microanalysis (EPMA), using a scanning electron microscope (SEM, JEOL, JXA-8900R) operated at an accelerating voltage of 20 kV. The accuracy in this composition analysis was about AE1 at%, and the effective excitation volume was approximately 1 mm 3 . Further accurate analyses of smaller domains were carried out using a transmission electron microscope (AEM, JEOL-2010), at an accelerating voltage of 200 kV, and with an Energy Dispersive X-ray Spectrometer (EDS, OXFORD, ISIS-300) attachment. The electron beam size of this EDS analysis was 7 nm and the analyzed area was approximately 50 nm in diameter. Quantitative composition analysis of the selected area was carried out using the Cliff-Lorimer Ratio of Thin Section, using copper as the calibration standard. The ratio of the intensity of an element to that of the tungsten L line series was used to determine the relative concentrations of the element, which was calculated by the attached software (Oxford Link ISIS). The signal of Cu, which was a contaminant during ion milling, was ignored in the calculation. The specimens were thinned to less than 100 nm, and were believed to be electrontransparent. Accordingly, the absorption correction and fluorescence correction were neglected 21) and only atomic number correction was carried out using the attached software. Only the results of the compositional analysis are presented in this paper. The results of the structural analysis are presented in the other paper. 22) 3. Results Figure 1 shows the BEI image of the W-8Mo-7Ni-3Fe specimen isothermally held at 1773 K for 5 minutes and furnace-cooled. There are three areas with different contrast of BEI pictures, which are assigned to be W-rich phase, Morich phase, and Ni (and Fe)-rich matrix phase with an increase of darkness, respectively. This figure revealed not only shape irregularities but also the bimodal size distribution of grains. The smaller grains (W 95.8-97.8 at%) were about 1 mm in size, which primarily were the consequences of fragmentation of the polycrystalline W particles by the liquid during sintering. Besides, several small W grains tended to sinter around Mo grains in a transient liquid phase sintering, causing the formation of large W-Mo grains with Mo-rich cores. 23) Particularly it is noteworthy that some packets of matrix phase visible inside the large grains were observed. To investigate the composition variation, line scanning analysis by EPMA was conducted. Line scanning revealed that the large grain contained a Mo-rich core, and at the core the composition was W-34.0Mo-2.5Ni-1.5Fe (at%). Figure 2 displays the BEI image and the line scanning using EPMA of the W-8Mo-7Ni-3Fe specimen isothermally held at 1773 K for 240 minutes and furnace-cooled. The Mo-rich core could be observed in the W-Mo grains. With an increase of isothermal holding time, the grains became spheroidal and its size distribution became a single modal. Based on the EPMA analysis the composition of the Mo-rich core was W-35.0Mo-0.3Ni-0.7Fe (at%), which was very close to that of the W-8Mo-7Ni-3Fe alloy that was isothermally held at 1773 K for 5 minutes and furnace-cooled. Due to the limit of resolution in EPMA, TEM was used to examine the interface between the W-Mo grains and the matrix phase and EDS was used to measure the composition variation in the matrix phase and interface. Figure 3(a) shows the TEM bright field image of the W-8Mo-7Ni-3Fe alloy isothermally held at 1773 K for 5 minutes and furnacecooled. There was no extra phase observed at the interface between the W-Mo grains and the matrix phase. EDS analysis revealed significantly different results of composition in the matrix phase. Measurements of a total of 9 positions in the matrix phase showed that the average composition of the matrix phase was: 8:8 AE 1:1W-4:3 AE 1:2Mo-59:7 AE 1:0Ni-27:2 AE 0:7Fe (at%). Figure 3(b) displays the TEM bright field image of the W-8Mo-7Ni-3Fe alloy isothermally held at 1773 K for 240 minutes and furnace-cooled. There was no extra phase observed near the interface between the W-Mo grains and the matrix phase similar to Fig. 3(a) , though previous study showed the segregation of Mo at this interface.
W-8Mo-7Ni-3Fe
2) EDS analysis of 8 different points revealed that the average composition of the matrix phase was: 6:2 AE 1:0W-5:5 AE 0:8Mo-62:6 AE 0:9Ni-25:7 AE 0:8Fe (at%). A W-8Mo-7Ni-3Fe specimen was also sintered isothermally at 1773 K for 240 minutes and quenched in water to elucidate the effect of cooling rate. Figure 3(c) displays the TEM bright field image of the quenched specimen, revealing a free of the third phase around the W-Mo grains. EDS analysis of 12 different points revealed that the average composition of the matrix phase was: 8:9 AE 0:9W-5:8 AE 0:9Mo-60:4 AE 1:4Ni-24:9 AE 1:1Fe (at%).
3.2 W-22.4Mo-7.8Ni-3.4Fe Figure 4 presents the BEI image of the W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 5 minutes and furnace-cooled. The large W-Mo grains contained packets of matrix phase, similar to that shown in Fig. 1 for W-8Mo-7Ni-3Fe. The composition near the center of the Mo-rich core was W-60.0Mo-1.0Ni-1.0Fe (at%) determined by EPMA. No third phase was observed in TEM micrographs as shown in Fig. 5 . The average composition of the matrix phase was: 5:1 AE 1:5W-8:8 AE 1:3Mo-60:6 AE 0:8Ni-25:5 AE 0:9Fe (at%), from TEM-EDS analysis of 9 different points. Figure 6(a) shows the BEI image of the W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 120 minutes and furnace-cooled. It revealed that increasing the isothermal holding time up to 120 minutes promoted grain growth, and precipitation of the third phase surrounding the W-Mo grains. According to EDS analysis of 6 different points, the average composition of the matrix phase was 3:9 AE 0:3W-8:7 AE 0:9Mo-62:3 AE 0:7Ni-25:1 AE 0:5Fe (at%). Figure 6(b) presents the BEI image of the W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 240 minutes and furnacecooled. The third phase precipitated more frequently around the W-Mo grains. EPMA analysis revealed that the composition of the core of the Mo-rich area was W-45.0Mo-1.0Ni-1.0Fe (at%). Compared with the alloy that was isothermally held at 1773 K for 5 minutes, the Mo concentration in the core of the W-Mo grains was reduced by 15 at%, from 60 at% to 45 at%. EDS analysis of 9 different points showed that the average composition of the matrix phase was: 4:9 AE 0:4W-8:4 AE 0:7Mo-62:0 AE 0:5Ni-24:7 AE 0:6Fe (at%). Figure 7 (a) displays the TEM bright field image of the W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 240 minutes and furnace-cooled. The third phase, whose thickness was about 1 mm, precipitated at the interface between two W-Mo grains. Figure 7(b) shows the result of EDS analysis. The average composition of the third phase was:
20:7 AE 1:3W-29:7 AE 1:3Mo-33:9 AE 1:4Ni-15:7 AE 1:4Fe (at%), from the average of 16 different points. Based on the phase diagrams, [24] [25] [26] [27] [28] [29] the corresponding composition is not in the range of solid solution, while, it is supposed to be an intermetallic phase of (W 4 Mo 6 )(Ni 7 Fe 3 ), derived from its composition. The structural analysis of this phase was presented in the other paper. specimen isothermally held at 1773 K for 240 minutes and furnace-cooled. Figure 8 displays the TEM bright field image of the W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 240 minutes and quenched in water. The third phase can still be observed. EDS analysis revealed that the mean composition of the third phase was: 19:3 AE 1:5W-31:0 AE 1:0Mo-34:5 AE 1:0Ni-15:2 AE 0:4Fe (at%), close to that of the furnace-cooled alloy (20:7 AE 1:3W-29:7 AE 1:3Mo-33:9 AE 1:4Ni-15:7 AE 1:4Fe (at%)). As the quenched sample showed a small quantity of the third phase around the W-Mo grains, the cooling rate employed in this study was not enough to suppress the precipitation of this intermetallic phase. Table 2 shows the average compositions of the rims of large W-Mo grains for W-8Mo-7Ni-3Fe and W-22.4Mo-7.8Ni-3.4Fe. These regions correspond to the newly grew area of W-Mo phase. It could be observed that, with an increase of isothermal holding time, the molar ratio of W to Mo in the rims of W-Mo grains decreased. This implies that the composition of W in the liquid phase decreased, while that of Mo increased with an increase of isothermal holding time, which accordingly resulted in gradual increase in the composition of Mo in the newly grew regions of W-Mo phase. The increase in the composition of Mo in the liquid phase with an increase of isothermal holding time is reflected in the results of differential thermal analysis (DTA). Figure 9 shows the DTA results of four sintered alloys, tested at a heating rate of 10 K/min. For W-8Mo-7Ni-3Fe, there was only one transformation in this heating cycle, which was the transformation of the solid matrix into a liquid phase. It is estimated that the phase transformation temperatures were 1717 K and 1690 K in the alloy isothermally held at 1773 K for 5 and 240 minutes, respectively. These results were due to the concurrent increase in Mo and decrease in W in the liquid phase with an increase of isothermal holding, because the eutectic temperature of binary W-Ni is above that of Mo-Ni. On the other hand, there are two characteristic peaks for W-22.4Mo-7.8Ni-3.4Fe, associated with the decomposition of an intermetallic phase and the transformation of the matrix phase into a liquid phase. Different peak heights are observed in the specimens with different isothermal holding times, where the peak height at the higher temperature (1659 K) was larger than that at the lower temperature (1626 K) for an isothermal holding of 5 minutes, and vice versa for an isothermal holding of 240 minutes. Such a variation was due to the difference in the relative quantity of the intermetallic phase to the matrix phase in the microstructure. As the ratio of the intermetallic phase to the matrix phase in the alloy isothermally held at 1773 K for 240 minutes was higher than that for 5 minutes, the peak at the lower temperature was associated with the decomposition of the intermetallic phase during heating, while that at the higher temperature was associated with the transformation of matrix phase into liquid phase. Similar to W-8Mo-7Ni-3Fe, the transformation temperature of matrix phase into liquid phase also decreased with an increase of isothermal holding time, because the composition of Mo in the matrix phase increased with increasing isothermal holding time for W-22.4Mo-7.8Ni-3.4Fe. Figure 10 shows the relationship between the thickness of the intermetallic phase and the isothermal holding time at 1773 K. The relative quantity of the intermetallic phase increased with an increase of isothermal holding time, and a similar relationship between holding time and grain growth is observed. 30) As indicated previously, the increase in the composition of Mo in the liquid phase was related to grain growth, where the Mo/W ratio in the rims of W-Mo grains was lower than that in the liquid phase. Thus, accompanying with grain growth, the increase in the composition of Mo in the liquid phase also promotes the precipitation of intermetallic phase, whose dependence on holding time is similar to that of grain growth.
Discussion

Effect of isothermal holding time
Effect of Mo addition
For W-8Mo-7Ni-3Fe alloy isothermally held at 1773 K for 5 minutes and furnace-cooled, the atomic ratio of W to Mo in the matrix phase was around 2.0 to 1, while that of the original powder was 5.3 to 1. This difference indicates that the apparent activity coefficient of Mo in the matrix phase exceeded that of W by a factor of about 2.6. Such a phenomenon was also observed in W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 5 minutes and furnacecooled. In this alloy, the atomic ratio of W to Mo in the matrix phase was 0.6 to 1, while that of the original powder was 1.6 to 1. The apparent activity coefficient of Mo in the matrix phase exceeded that of W by a factor of 2.7. Consequently, under the condition of the same alloying composition, Mo more easily dissolves into the matrix phase than W by a factor of about 2.6. On the other hand, the sum of W and Mo in the matrix phase was almost steady. 2, 9, 20) For example, the sum of W and Mo in the matrix phase for W8Mo-7Ni-3Fe and W-22.4Mo-7.8Ni-3.4Fe were 13.1 at% and 13.9 at%, respectively. Based on these observations, it is clear that, in the composition range investigated, the addition of a small quantity of Mo reduce the W composition in the matrix phase.
With an increase of isothermal holding time, the composition of Mo in the liquid phase increased, while that of W decreased. Eventually, when the composition of Mo in the liquid phase became higher than a critical value for precipitation of an intermetallic phase triggered during cooling. 31) For W-8Mo-7Ni-3Fe alloy isothermally held at 1773 K for 240 minutes, the compositions of W and Mo in the matrix phase of the quenched specimen were higher than those in the furnace-cooled specimen by 2.7 at% and 0.3 at%, respectively. Accordingly, during furnace cooling, there was a much larger quantity of W than Mo precipitating from the liquid phase to the W-Mo phase. Under such a condition, no intermetallic phase was observed around the W-Mo grains. On the other hand, for W-22.4Mo-7.8Ni-3.4Fe alloy isothermally held at 1773 K for 240 minutes, the compositions of W and Mo in the matrix phase of the quenched specimen were higher than those in the furnace-cooled specimen by 1.0 at% and 3.1 at%, respectively. Thus, when the precipitation of Mo from the liquid phase during cooling was much larger than W, the intermetallic phase could be formed.
Thermodynamic consideration
The observation that Mo is prone to trigger the precipitation of an intermetallic phase, compared with W, can be judged by the partial phase diagrams of W-Ni and Mo-Ni. Figure 11 shows the binary phase diagrams of Ni-Mo and Ni-W. 24, 25) Table 3 shows the thermodynamic data of these two binary systems. For W-Ni, there are large temperature differences between the eutectic temperature (1768 K) and the phase transformation temperature of the intermetallic phases (WNi: 1333 K, W 2 Ni: 1298 K, WNi 4 : 1243 K). During cooling, the liquid phase transformed into a matrix phase, which subsequently decomposed into the other matrix phase and intermetallic phases. Accordingly, the precipitation of the intermetallic phases from the matrix phase would become sluggish and could be inhibited by rapid cooling, which was commonly observed. 1, 2, 17, 18) On the other hand, for Mo-Ni, the eutectic temperature (1590 K) is lower than the phase transformation temperature of MoNi intermetallic phase (1635 K). Thus, the rate of forming this intermetallic phase during cooling would be fast, because this MoNi intermetallic phase could precipitate from the liquid phase. Based on the above consideration, a high composition of Mo in the liquid phase is prone to trigger the precipitation of the intermetallic phase during cooling.
In the DTA data for W-22.4Mo-7.8Ni-3.4Fe held at 1773 K for 240 minutes, the phase transformation tempera- ture of the intermetallic phase (1628 K) was slightly lower than the solidification temperature of the liquid phase (1645 K), by only 17 degree. The precipitation of this intermetallic phase would take place in a solid state, but its rate would be fast, because the phase transformation temperature of the intermetallic phase was high and the temperature difference between the solidification temperature of the liquid phase and the phase transformation of the intermetallic phase was very small. Although rapid quenching might suppress the precipitation of this intermetallic phase, it still existed in the water-quenched W-22.4Mo-7.8Ni-3.4Fe specimen. In addition to the difference of the phase transformation temperature, the variation in the solubility of elements during phase transformation also influenced the precipitation of the intermetallic phase. The compositions of W in the eutectic composition and the solubility limit in the Ni solid solution at the eutectic temperature of 1768 K are 20.7 at% and 17.5 at%, respectively, whose difference is 3.2 at%. On the other hand, the corresponding compositions of Mo at 1590 K are 35 at% Fig. 11 Binary phase diagrams of (a) Ni-Mo 24) and (b) Ni-W. 25) and 28.4 at%, respectively, whose difference is 6.6 at%. Based on these facts, the degree of over-saturation of Mo in the matrix phase as a result of phase transformation at the eutectic temperature is higher than that of W. Accordingly, the potential for Mo-Ni based intermetallic phase is higher than that for W-Ni one.
Conclusion
Addition of Mo to W-Ni-Fe alloys reduced the W composition in the matrix, because Mo is soluble in the matrix compared with W by a factor of about 2.6 for a short isothermal holding at 1773 K. The composition of Mo in the matrix gradually increased, while that of W decreased with an increase of isothermal holding time. The increase in the Mo composition in the matrix with an increase of Mo addition and/or isothermal holding time lowered the solidification temperature of the liquid phase. This is caused by a smaller difference between the solidification temperature of the liquid phase and the phase transformation temperature of an intermetallic phase, (W 4 Mo 6 )(Ni 7 Fe 3 ). Suppression of intermetallic phase precipitation during cooling was difficult, even when rapid cooling was employed. Table 3 Thermodynamic data of binary W-Ni and Mo-Ni alloys. 24, 25) Alloy T eut (T/K) T int (T/K) C l (at%) C s (at%) C l -C s (at%) 
